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Abstract
Traumatic brain injury (TBI) is an intracranial injury caused by direct contact or noncontact head impacts to the brain. TBI is a major problem that accounts for high incidents of
hospitalizations each year. Thus, it is important to understand and predict the occurrence of TBI
in an impact. It has been shown that the subarachnoid space (SAS) trabeculae play an important
role in damping the effect of an impact, thus reducing the injuries. However, the influence of
sulci parameters and the sulci trabeculae in TBI due to impact is unexplored. Studies have shown
that inclusion of sulci in brain models alters the strain in the brain, however, those models do not
take into account the trabecular tissue present in the sulci.
In this study, the morphology and architecture of the sulci trabeculae in different regions
of the brain was explored. It was revealed that the sulci trabeculae architecture differs from the
SAS trabeculae to some extent, and the morphology varies even between different lobes of the
brain. The sulci trabeculae have complex morphology with pillar, rods, tree-shapes plates and
veil-like structures. In addition, through detailed 3D global and local FE modeling and analyses
it was revealed that changes in the depth of the sulci changes the strain distribution in the brain
during an impact. It was revealed that with increasing depth, the strain decreases along the sulci.
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1.

Introduction
Traumatic brain injury (TBI) is an intracranial injury caused by impacts or angular

accelerations of the head such as a violent blow, a bump, a projectile, or even a blast (Lozano
et al., 2015). It could either result from direct contact (blunt impact) or non-contact (angular
accelerations or pressure waves) impacts to the brain (Saboori et al., 2011). It is a major
health problem in the United States contributing to a substantial number of deaths and cases
of permanent disability (CDC, 2015). In 2010 2.5 million TBIs occurred either as an isolated
injury or along with other injuries (CDC, 2015).
The extent of TBI depends on the severity of the impact. The severity of TBI ranges
from mild, i.e., a brief change in mental status or consciousness to severe, i.e., an extended
period of unconsciousness or amnesia after the injury (CDC, 2015). About 75% of the TBI
that occur each year involve concussion or other forms of mild TBI (Saboori et al., 2011).
Although concussion has been traditionally considered an acute injury, accumulating clinical
and laboratory evidence has recognized that the chronic pathology of the disease can manifest
symptoms of many neurodegenerative disorders (Lozano et al., 2015).
Figure 1.1 shows a distribution of the leading causes of TBI between 2006 and 2010.
40.5% of all TBIs in the United States that resulted in an emergency department (ED) visit,
hospitalization, or death are due to falls (CDC, 2015). Unintentional blunt trauma was the
second leading cause, accounting for about 15% of TBIs (CDC, 2015). More than half (55%)
of TBIs among children 0 to 14 years, and more than two-thirds (81%) of TBIs in adults aged
65 and older are caused by falls (CDC, 2015). Motor vehicle crashes were the third leading
cause of TBI (14%) and the second leading cause of TBI-related deaths (26%) for 2006–2010
(CDC, 2015).
11

Figure 2.1: Leading causes of TBI (CDC, 2015)

Over the decade, the total number of TBI related incidents have increased from a rate of
521.0 per 100,000 U.S. populations in 2001 to a rate of 823.7 per 100,000 in 2010 (figure 1.2).
The total combined rates of TBI-related hospitalizations, ED visits, and deaths are driven largely
by the relatively high number of TBI-related ED visits (CDC, 2015). The rate of hospitalizations
remained constant over the decade, while the rate of deaths decreased for the years (CDC, 2015).
This is due to the advances in the health care system.
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Figure 1.2: TBI related emergency visits, hospitalizations, and deaths in U.S in 20012010 (CDC, 2015)
Due to the increase in the number of TBI incidents, and the extent to which it can affect
human lives, it has become important to better understand and predict the occurrence of TBI
after an impact. It has been shown that the subarachnoid space (SAS) along with the
cerebrospinal fluid (CSF) and trabeculae plays an important role in damping the effect of an
impact, thus reducing the injuries (Saboori, 2015). However, the effect of the convolutions on
brain cortex, and the architecture and morphology of the trabeculae within the sulci in TBI has
not been greatly explored. Bradshaw et al. (2001), Cloots et al. (2008), Ho et al. (2009) and
Saboori et al. (2012) have conducted numerical studies to demonstrate that inclusion of sulci in
local or global brain model alters the strain and strain distribution in the brain. However, no
experimental studies were included. The local models used were highly simplified with no
anatomical information.
13

The goal of this study were two fold. The first goal was to obtain a perspective of the
trabecular architecture within the sulci at different regions of the brain through imaging. This
will allow us to understand the morphology of the trabeculae within different regions of the brain
so that we can compare between them. It will also allow us to compare the trabecular
architecture in the sulci to the architecture in the SAS.
The second goal was to construct detailed 3D local models of the brain sulci with varying
parameters and determine the strain in the brain due to impacts. This will allow us to learn the
effect of the parameters, such as sulci depth, on the strain and strain distribution during an
impact.
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2.

Anatomy
The brain is one of the largest and most complex organs in the human body. It controls all

the necessary functions, receives and interprets information from the surrounding environment,
and embodies the essence of the mind and soul. The brain is responsible for our intelligence,
creativity, emotion, and memories. It controls our five senses: sight, smell, touch, taste, and
hearing, and guides us by directing our motor functions.
The brain is an organized structure, divided into many components that serve specific and
important functions. The outer layers of the brain consist of scalp, skull and the meninges (dura
mater, arachnoid mater, subarachnoid space and pia mater), and their primary function is to
provide protection. The brain itself can be divided into brainstem, cerebellum and cerebrum. The
average weight of an adult female brain is about 2.7 pounds, while the brain of an adult male
weighs about three pounds (AANS, 2006).
2.1

Scalp
The scalp is the most outer layer of the head, which extends from the external occipital

protuberance and superior nuchal lines to the supraorbital margins. It consists of 5 layers: the
skin, connective tissue, epicranial aponeurosis, loose areolar tissue, and pericraniu (O'Rahilly,
2008) as shown in Figure 2.1. The first 3 layers are bound together as a single unit, which can
move along the loose areolar tissue over the pericranium, and adherent to the calvaria (O'Rahilly,
2008).
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Figure 2.1: Different layers of scalp (Grant’s Atlas of Anatomy, 12th Ed, 2009)
2.2

Skull
The skull is composed of bones and cartilage, and consists of 8 cranial bones and 14

facial bones (Gray, 1985). These bones include the frontal, parietal (2), temporal (2), sphenoid,
occipital and ethmoid (Figure 2.2). The face is formed from 14 paired bones including the
maxilla, zygoma, nasal, palatine, lacrimal, inferior nasal conchae, mandible, and vomer (Figure
2.2). The main function of the skull is to protect the brain from injury.
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Figure 2.2: Anatomy of the skull (Encyclopedia Britannica, 2003)
2.3

Dura Mater
Dura mater is the thick outmost membrane of the meninges that surround brain and spinal

cord (Figure 2.3). It can be described as a sac that envelops the arachnoid mater and contains the
cerebrospinal fluid (CSF). It consists of two layers, the periosteal layer, which lies closest to the
skull, and the inner meningeal layer, which lies above the arachnoid. It is composed of dense
fibrous tissue and has several vein-like sinuses called dural sinuses that carry blood from the
brain to the heart (Gray, 1985). The dural sinuses are also responsible for draining CSF and
emptying into the internal jugular vein.
2.4

Arachnoid Mater
The arachnoid mater is one of the three meningeal layers that envelop the brain and

spinal cord (Figure 2.3). It is a delicate fibrous membrane that is attached to the inside of the
dura. The arachnoid mater provides a cushioning effect for the central nervous system. It is a
thin, transparent membrane covered with flat cells and is thought to be impermeable to fluid. It
does not follow the convolutions of the brain surface, which makes it look like a loosely fitting
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sac. The part of arachnoid covering the brain is called arachnoidea encephali and the portion
covering spinal cord is called arachnoidea spinalis.
2.5

Subarachnoid Space
The space below the arachnoid mater and above the pia mater is called the subarachnoid

space (SAS). The SAS contains delicate fibers called trabecula that extends from arachnoid layer
to pia mater (Figure 2.3). The SAS is filled with cerebrospinal fluid (CSF) and acts as a damper
when the head is subjected to any impact.

Figure 2.3: Anatomy of the subarachnoid space (Neuroscience, 5th Ed, 2012)
2.5.1

Trabecula
The trabecula is a tissue composed of dense collagen. These collagen fibers are arranged

in bundles surrounded by fibroblasts and extracellular matrix (ECM) (Saboori, 2015). The
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fibroblasts are connected to the blood vessels circulating within the SAS, to the pia mater and to
arachnoid mater via specific junctions (Saboori, 2015). The trabecula can be found in the form of
rods, beams, plates or tress (Killer, 2003; Saboori, 2015). They are found in the SAS region as
they extend from pia mater to arachnoid mater (Figure 2.4). Trabeculae are also present within
the brain sulci since pia mater envelops the brain cortex. They provide mechanical support for
some soft solid region. Trabeculae are tension elements supporting and suspending the brain
from a sudden trauma or an impact, and along with CSF fluid, they can be found around the
brain, optic nerve and spinal cord.

Figure 2.4: Anatomy of the trabeculae
2.5.2 Cerebrospinal Fluid (CSF)
The cerebral spinal fluid (CSF) is produced from arterial blood in the choroid plexuses of
the lateral and fourth ventricles with combined process of diffusion and active transfer.
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Ependymal cells also produce a small amount of CSF. The total volume of CSF in the adult
ranges between 140 to 270 ml (neuropathology.org). The volume of the ventricles is about 25 ml
(neuropathology.org). CSF is produced at a rate of 0.2 - 0.7 ml per minute or 600-700 ml per day
(neuropathology.org). The circulation of CSF is obtained with the pulsations of the choroid
plexus and by the motion of the cilia of ependymal cells. CSF is absorbed across the arachnoid
villi into the venous circulation. Arachnoid villi act as one-way valves between SAS and dural
sinuses. The rate of absorption is correlated to the CSF pressure.
The primary function of CSF is to protect the brain against impacts. CSF and trabeculae act as a
shock absorber, which protects the brain and supports the venous sinuses. It also provides
buoyancy to the brain and prevents brain ischemia. CSF is also responsible for rinsing metabolic
waste from the central nervous system through the blood brain barrier.
2.6

Pia Mater
Pia mater is the innermost layer of the meninges. It envelops the brain and spinal cord,

including the brain convolutions, i.e. sulci and gyri. Pia is composed of fibrous tissue and is
impermeable to fluid. It encloses the CSF with SAS between arachnoid and pia mater. There are
blood vessels that pass through the pia mater to supply the brain. The perivascular space created
between blood vessels and pia mater functions as a lymphatic system for the brain.
2.7

Brain
Brain is the main process center of human body with highly organized structure. It is

divided in three parts: brainstem, cerebellum and cerebrum (Figure 2.5). Each of those major
parts is discussed below.
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Figure 2.5: Various layers and structures of human brain (Neuroanatomy through
clinical cases, 2002)
2.7.1

Brainstem
The brainstem consists of three structures: the midbrain, pons and medulla oblongata.

The main function of brainstem is relaying information between the cerebral cortex and the
body. Many simple or primitive functions, such as breathing, blood pressure maintenance,
swallowing, eye movement and balance, which are essential for survival, are located here. Ten of
the 12 cranial nerves that control hearing, eye movement, facial sensations, taste, swallowing and
movements of the face, neck, shoulder and tongue muscles. The cranial nerves for smell and
vision originate in the cerebrum. The brainstem is located at the lower end of the brain (Figure
2.5).
2.7.2

Cerebellum
the cerebellum is located at the back of the brain underneath the occipital lobe (Figure

2.5). The primary function of cerebellum is to fine tune the motor activity, control position of the
limbs, and maintain posture and sense of balance (AANS 2006).
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2.7.3

Cerebrum
The cerebrum is the main portion of our brain. It is divided into two major parts, the left

and right hemispheres, by a major groove known as the great longitudinal fissure (AANS, 2006).
The two hemispheres are connected by the corpus callosum, which allows signaling to take place
between the two sides of the brain (AANS, 2006). The surface of the cerebrum is called cerebral
cortex, and it contains billions of neurons and glial cells. The cerebral cortex appears grayish
brown in color and is called the gray matter (AANS, 2006). Beneath the cortex there are fibers
that connect to the neurons. That part of the brain tissue is known as white matter (AANS, 2006).
The cerebral cortex has convolutions on the surface that increases the surface area of the
brain. These fissures and bulges are known as sulcus and gyrus. Sulci are the fissures and gyri
are the bulges (AANS, 2006). There are about 72 main sulci in the human brain, as shown in
Figure 2.6 (Saboori, 2012). Two-third of the brain cortical surface is hidden in the sulci. The
lateral cerebral sulcus is the deepest and most prominent of the cortical fissures of the brain
(Saboori, 2012). The central sulcus is a deep groove that separates the frontal and parietal lobes
(Saboori, 2012). The cerebral hemispheres have several distinct fissures, and by locating these
landmarks on the surface of the brain, it can effectively be divided into lobes (AANS, 2006). The
pia mater envelops the brain convolutions and trabeculae extend from the pia mater to the
arachnoid. Thus, trabeculae can be found within sulci.
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Figure 2.6: Sulci of cerebral cortex (Gray, 1985)
The cerebrum can be divided into pairs of frontal, temporal, parietal and occipital lobes.
Each lobe serves specific functions and are responsible for certain activity.

Figure 2.7: Lobes of Brain
Frontal Lobes: The frontal lobes are the largest of the four lobes. The functions controlled by
frontal lobes include voluntary movement, speech, intellectual and behavioral functions. The
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areas that produce movement in parts of the body are found in the primary motor cortex or
precentral gyrus. The prefrontal cortex plays an important part in memory, intelligence,
concentration, temper and personality. found in the frontal lobe, usually on the left side.
Occipital Lobes – These lobes are located at the back of the brain and enable us to receive and
process visual information. They influence how colors and shapes are perceived (AANS, 2006).
Parietal Lobes – These lobes are located between the frontal and the occipital lobe. They
interpret signals received from other areas of the brain such as vision, hearing, motor, sensory
and memory and give meaning to objects (AANS, 2006).
Temporal Lobes – These lobes are located on each side of the brain at about ear level, and can
be divided into two parts: ventral (bottom of hemisphere) and lateral (side of hemisphere)
(AANS, 2006). Specific functions include visual and verbal memory, recognizing objects and
peoples' faces, language processing and interpretation of emotions and reactions (AANS, 2006).
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3.

Traumatic Brain Injury (TBI)
Traumatic brain injury (TBI) is an intracranial injury caused by an external force that

impacts the head, exceeding the brain’s protective capacity (Lozano et al., 2015). This force
could be a violent blow, a bump, a projectile, or even a blast (Lozano et al., 2015). Depending on
the severity of the impact, bruising, bleeding, brain dysfunction, or death can occur (Lozano et
al., 2015). The extent to which the injury lasts also depends on the severity of the injury (Lozano
et al., 2015). TBI can be classified as mild, moderate, or severe, depending on the damage to the
brain. Some of the common TBIs are discussed below.
3.1

Concussion
Concussion is a type of traumatic brain injury that alters brain function. The effects may

last temporarily or persist for longer period. General symptoms of concussion include loss of
consciousness, headaches, lack of concentration, memory, balance and coordination. Table 3.1
shows a list of symptoms of concussion (CDC, 2015). Although concussion has been
traditionally considered an acute injury, accumulating clinical and laboratory evidence has
recognized the chronic pathology of the disease that can manifest many symptoms of
neurodegenerative disorders, such as Parkinson’s and Alzheimer’s disease (Lozano et al., 2015).
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Table 3.1: Symptoms of concussion (CDC, 2015)

Concussion is the most common type of head injury, and may be caused by impact forces
or impulsive forces. These forces may cause linear, rotational, or angular movement of the brain,
or a combination of them (Poirier et al., 2003). The amount of rotational force is thought to be
the major component in concussion (Poirier et al., 2003). Concussions are a common sports
injury.
3.2

Intracranial Hematoma
Intracranial hematoma (ICH) can be defined as bleeding inside the skull when a blood

vessel ruptures or leaks. Severe increase in intracranial pressure can cause ICH. Types of
intracranial hemorrhage can be roughly grouped into intra-axial and extra-axial hemorrhage.
Intra-axial hemorrhage is bleeding within the brain itself, for example, intraparenchymal
hemorrhage and intraventricular hemorrhage. Intraparenchymal hemorrhage is bleeding within
the brain tissue, and intraventricular hemorrhage is bleeding within the ventricles of the brain.
Extra-axial hemorrhage is bleeding within the skull but outside of the brain tissue. It can be
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categorized in three subtypes: epidural, subdural and subarachnoid hemorrhage. Intra-axial
hemorrhages are more dangerous and harder to treat than extra-axial bleeds (Kushner, 1998).
3.3

Contusion

Contusions are areas of focal cortical injury that result from direct external contact forces or
from the brain being slapped against intracranial surfaces with acceleration/deceleration trauma.
Contusion may cause weakness, numbness, incoordination, aphasia, and difficulties with
memory and cognition. Contusions commonly occur at the bases of the frontal and anterior
temporal lobes. Parasagittal contusions may occur with whiplash injury and result from
acceleration/deceleration of the head without direct impact. Cortical contusions are associated
with localized ischemia, edema, mass effect, and poorer outcome in mild TBI (Kushner, 1998).
3.4

Diffused Axonal Injury (DAI)
DAI occurs as a result of traumatic shear forces when the head is rapidly accelerated or

decelerated, as may occur in auto accidents, falls, and assaults. It usually results from rotational
forces or severe deceleration. Lesions typically exist in the white matter of brains injured by
DAI; these lesions vary in size from about 1–15 mm and are distributed in a characteristic way
(Wasserman et al., 2007). DAI most commonly affects white matter in areas including the brain
stem, the corpus callosum, and the cerebral hemispheres (Vik et al., 2006). The lobes of the
brain most likely to be injured are the frontal and temporal lobes (Vik et al., 2006).
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4.

Literature Review
Several experimental, analytical and numerical studies have been conducted on brain

impacts and injury, subarachnoid space, trabeculae and brain sulci. In this literature review, these
studies have been divided into experimental and numerical and analytical studies. In the
experimental literature review, we have discussed one classic research on the anatomy of
meningeal layer (Allen et al., 1975), anatomy of arachnoid membranes and trabeculae (Lu et al.,
2005; Lu et al., 2006; Killer et al., 2003; Saboori et al., 2015), and study on brain impact (Nahum
et al., 1977). In the numerical and analytical section we have discussed classic brain impact study
(Nahum et al., 1977; Meaney et al., 1995), material properties and modeling of subarachnoid
space (Saboori et al., 2011, 2014) and modeling brain sulci and evaluating its effect on strain
data (Hohlfeld et al., 2011; Bradshaw et al., 2001; Cloots et al., 2008; Ho et al., 2009; Saboori et
al., 2012).
4.1

Experimental studies

4.1.1

Lu et al. (2005 and 2006)
The characteristics and anatomy of intracranial arachnoid membranes was evaluated by

observing eight Han Chinese cadaveric brains. An understanding of the microanatomy of the
arachnoid membranes and the subarachnoid cisterns is important in modern neurosurgery,
especially the minimally invasive neurosurgery. However, anatomical research on the
subarachnoid cisterns was mainly restricted to the nerves and the blood vessels within the
cisterns and poor attention was given to the topography of the arachnoid membranes, which form
the walls and the septa of the cisterns. Hence, this study aimed to understand the topography and
the microanatomical features of arachnoid membranes by dissecting eight cadaveric brains fixed
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with 10% formalin under an operating microscope using microsurgical techniques. Olympus
OM-10 camera was used for photographic documentation. The tissue was not stained or perfused
with colored material because it would have destroyed the fragile tissue or made the
photographic exposure more difficult.
Twenty-seven arachnoid membranes and 21 subarachnoid cisterns were identified and
named and categorized into three groups (Table 4.1). The trabecular arachnoid membranes
varied greatly in appearances and configurations. Some were thin and porous with bifurcations
and cisterns. Others were intact and dense without any pores. They were either transparent or
thick. It was observed that 88.9% of the arachnoid membranes are single-leaf structured,
excepting the Liliequist’s membrane, the chiasmatic membrane and the cerebellar precentral
membrane. Those three membranes are all lobulated arachnoid complexes. The cisterns
identified showed different characteristics as well. It was found that the medial surface of the
temporal lobe contains carotid cistern, posterior communicating cistern, carotid and posterior
communicating cistern and ambient cistern. The frontal lobe has sylvian cistern and the occipital
lobe has cisterna magna. These are few of the many other cisterns that were identified by Lu et
al. in 2005 and 2007.
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Table 4.1: Identified arachnoid membranes (Lu and Zhu, 2005a)

4.1.2

Killer et al. (2003)
In this experimental study the histology of the trabeculae in the optical nerves has been

studied. A total of 12 optic nerves were harvested from nine subjects without occular disease no
later than seven hours post death. TEM and SEM were conducted to study the anatomy of the
optic nerve trabeculae at three different sections: bulbar segment, intraorbital segment and
canalicular portion. It was observed that the trabecular arrangement varied between the three
regions. The arachnoid architecture was observed to exist as pillars, septa and plate like
structure. The bulbar segment was observed to have branched trabecular network, the intraorbital
segment was arranged as septa and pillars, and the canalicular portion comprised of trabecular
branches and pillars. It was concluded that the SAS of human optic nerve is a non-homogeneous
structure filled with CSF and has complex arachnoid trabeculae system that may play a role in
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the cerebrospinal fluid dynamics.
4.1.3

Saboori et al. (2015)
In this research, the histology and morphology of the subarachnoid trabeculae was

investigated via cadaveric and animal experimental study. It was achieved by conducting
histological sectioning with fluorescent microscopy, light microscopy, scanning electron
microscopy and transmission electron microscopy. The results revealed that the architecture of
the subarachnoid trabeculae can exist in the form of tree-shaped rods, pillar and plates, and in
some regions can have complex network morphology. It was concluded that the trabeculae are
composed of collagen type I. It was observed that the trabecular tissue provides mechanical
support through cell-to-cell interconnection between fibroblasts, extracellular matrix and
collagen fibers. Fibroblasts were observed to be connected to blood vessels within SAS at
specific junctions.
4.1.4

Allen et al. (1975)
In this experimental study, young dogs were anesthetized by intra-thoracic injection of

sodium pentobarbital and perfused with buffered aldehydes before euthanizing them. Tissue
samples of cranial subarachnoid space was collected and prepared for SEM and TEM. The
surface morphology of the meningeal linings of the cranial subarachnoid space was imaged. It
was found that the cranial pia mater possesses natural gaps or fenestrations between cells. SEM
revealed a complex morphology of arachnoid trabeculae than previously interpreted from light
and transmission electron microscopy. Free cells were observed on the meningeal linings of the
subarachnoid space, and TEM established those cells to be macrophages. Microvillous-like
processes were observed between the macrophages and the pial surface. The frequency and the
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nature of these thin processes suggest the possibility of a plasma lemma-mediated system of
communication.
4.1.5

Nahum et al. (1977)
In the classic experimental study by Nahum et al. (1977), impact with an initial velocity

was applied, and the intracranial pressure, duration of the applied load and the impactor’s mass
was measured. The input force changes in skull acceleration and in vivo intracranial pressure
with time during the impact was also noted. Their study performed two series of experiments on
cadavers. Series I consisted of 8 individual experiments and series II, multiple sequential impacts
on a single specimen. Pressure changes were measured with transducers placed at the frontal,
parietal and occipital bones as well as the posterior fossa and carotid siphon. It was found that
the peak pressure at the given locations and skull acceleration has a linear relationship with
varying slopes at different locations. Frontal location indicate sharpest slope which suggest that
the pressure in this region is most sensitive to head acceleration. This discovery simplifies the
study of brain response during impact and provides data for model validations.
4.1.6

Meaney et al. (1995)
In 1995, Meaney et al. investigated Diffuse Axonal Injury (DAI) of brain injury

experimentally inducing significant damage within the pig brain by subjecting them to
accelerations. Pig skull model was used to obtain acceleration data that can cause brain
deformation. A diffuse axonal injury was found to occur when the brain tissues are subjected to a
strain of 20%. This threshold value is taken as a reference in most of the mechanical studies
about TBI.
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4.2

Analytical and numerical studies

4.2.1 Nahum et al. (1977)
Nahum et al. developed a 3D linear FEM model of the human brain based on their own
experiment study conducted in 1977. Blunt head impact was applied to the model to study the
response of the brain. Different bulk modulus was used to report pressure responses of the brain,
which provided incompressibility as material property. This parameter reduced the correlation
between the experimental data and simulation results. Their results indicated a 20% damping
factor for the brain, which was found to significantly improve the correlation.
4.2.2

Saboori et al. (2011)
In this study, the mechanotransduction of external load to the brain and the causation of

concussion were investigated through material modeling of SAS. Three material models, soft
solid, viscous fluid and porous media were proposed based on the histology and morphology of
SAS. These models were validated using brain-skull displacement experimental study by Feng et
al. (2010). The optimum material property for soft solid material was E=1000 Pa, for viscous
fluid the optimum viscosity was µ = 0.25 Pa.s, and for porous media the optimum permeability
was 3.125x10-10 m2.
4.2.3

Saboori et al. (2014)
Saboori and Sadegh investigated the material modeling properties of the SAS in relation

to traumatic brain injury (TBI). A thorough literature review was done and then used to construct
a global and local head model. The 3D FE models were validated and then used to evaluate
which of the past studies have the most realistic material properties that can be used for SAS in
TBI simulations. The strain in the brain due to an impact was investigated. It was determined that
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the SAS material property is E=1150 Pa. It was concluded that the strain in the brain and thus the
severity of TBI is proportional to the applied impact velocity and it is approximately a quadratic
function.
4.2.4

Hohlfeld et al. (2011)
In this study, sulcus was defined as localized furrows on the surface of soft materials that

form by a compression-induced instability. The researchers used PDMS slab to study the
formation and unfolding of sulci in the soft elastomer and gave an analytical solution to the
problem. They identified two critical strains in the sulcification process. During loading, a sulcus
nucleates at a point with an upper critical strain and an essential singularity in the linearized
spectrum. On unloading, it quasistatically shrinks to a point with a lower critical strain that can
be explained by breaking of scale symmetry. At intermediate strains, the system is linearly stable
but nonlinearly unstable with no energy barrier.
4.2.5

Bradshaw et al. (2001)
In this study, 2D brain models with and without sulci were created to investigate the

mechanism for acute subdural hematoma and diffuse axonal injury. The influence of sulci on
cerebral motion was investigated. The model was based on the anatomical measurements taken
from MRI scan of 10 adult males. The model was subjected to a blunt impact with pendulum 250
mm away. The results showed insignificant effect of sulci on displacements, but the local strain
peaks were reduced and while strain increased elsewhere in the brain.
4.2.6

Cloots et al. (2008)
In this numerical study, the influence of the morphologic heterogeneities of the cerebral

cortex was investigated. Small 2D sections of cerebral cortex with heterogeneous geometry
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(containing sulci and gyri) was developed and compared to the numerical model of
homogeneous (without sulci and gyri) cerebrum (Figure 4.1). The study was conducted using
ABAQUS. Two loading conditions were used: input acceleration and the output acceleration
from the parasagittal region in a global 3D head model. The maximum equivalent stress in the
heterogeneous models was observed to have increased by a factor of 1.3–1.9 with respect to the
homogeneous model, whereas the mean equivalent stress increased by almost 10%. It was
concluded that having sulci influenced the output of the model, and thus it should be included in
the FE head models for more accurate injury assessments.

Figure 4.1: (a) Heterogeneous geometry 1 and (b) its spatial discretization. (c)
Heterogeneous geometry 2. (d) Heterogeneous geometry 3. (e) Homogeneous
geometry (Cloots et al., 2008)
4.2.7

Ho et al. (2009)
In this study the influence of sulci in the dynamic finite element simulations of human

head was investigated. A detailed 3D FE head model containing sulci was constructed from the
MRI scan of a human head (Figure 4.2). The same model was smoothed out at the surface of the
brain to create another head model without sulci (Figure 4.2). The models were validated against
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the experimental data of relative brain-skull motion (Hardy et al., 2001). The models were
subjected to translational and rotational acceleration. The strain and strain rate was measured and
compared between the two models.
When the accelerations were in the sagittal place, it was found that the strain and strain
rate was reduced in all regions of the brain, especially in the frontal lobe. The average strain was
found to be 0.12 for rotational and 0.016 for translational accelerations. The maximum principal
strain in the spots below the sulci was found to be 0.2, which is considered an injury predictor.
Inclusion of sulci reduced the maximum principle strain by an average of 12% for all regions of
brain. The study did not include shear strain for the comparison because they considered shear
strain to be closely related with maximum principal strain, which meant that shear strain was not
going to provide any additional data. Finally, it was concluded that it is important to include sulci
in the head models because it alters the strain and strain distribution in an FE model.

Figure 4.2: The different lobes of the brain, brain stem and cerebellum in the two
models (Ho and Kleiven, 2009)
4.2.8

Saboori et al. (2012)
In this study the effect of brain sulcus structure on mechanotransduction of impacts to the

brain was investigated. It was hypothesized that the presence of sulci will increase the surface
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area of the brain, thereby decreasing the normal and shear strain in the brain. Two different
studies were conducted to test the hypothesis. In the first study, two global head models, one
with sulci and one without sulci, was compared. In the second study, the morphology of sulci
was investigated in 11 cases with differing the thickness (t), depth (h) and distance between sulci
(d). The models were subject to an impact corresponding to 5 miles per hour, and the maximum
strain was measured. The 11 cases were compared using dimensionless variables t/d and h/d. It
was found that the strain was lower in the model with sulci for every case. For a fixed d, the
strain was observed to increase with increasing depth. For a fixed thickness t, decreasing the
width, d, decreased the strain in the brain.

a:

b:

Figure 4.3: a) a local model with sulci, and, b) a local model without any sulcus
(Saboori et al., 2012)
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5.

Experimental work
The subarachnoid space (SAS) provides cushioning around the brain so that during

impacts the pressure and strain generated could be reduced. The cerebral cortex of human brain
has convolutions on the surface, called sulcus and gyrus, which increases the surface area of the
brain. The trabecular and CSF can be found within the sulci or grooves of the cerebral cortex.
The histology of the trabecular structures within the sulcus has not been explored. Therefore, the
characteristics of the trabecular tissue and their function within the sulci are still unknown.
The trabeculae the SAS of the optic nerves, as reported by Killer et al. (2003), have veillike and pillar structures. The SAS trabecula has been reported to exist in form of tree-shape,
rods, pillars, and plates and sometimes a network of complex morphology (Saboori, 2015).
Histological assessment revealed that the trabeculae are made of type I collagen surrounded by
fibroblast cells (Saboori, 2015).
In this study, the architecture and morphology of trabeculae in the sulci of the four brain
lobes (frontal, parietal, temporal and occipital) was investigated through a series of in-vitro
experiments. Within the sulci of the brain, the trabeculae extend from pia mater on one sulci wall
to the pia mater on the other sulci wall, as opposed to SAS trabeculae that extends from pia
mater to arachnoid mater. In the first experiment, the sulci in the four brain regions were
photographed using a Canon EOS Rebel T3i camera. In the second experiment, brain dissections
were done and prepared for Scanning Electron Microscopy (SEM).
5.1

Sulci imaging through photography
For the first experiment, an embalmed human cadaver brain was obtained and dissected

to study the morphology and architecture of sulci trabeculae. The brain was sectioned to expose
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the trabeculae inside the sulci. Photographs of the sulci trabecular were taken to obtain
anatomical information.
For the second experiment, several sulci from each brain lobe were sectioned and
measured to find the average sulci depth for each region. This data will be used later for the
numerical study.
5.1.1

Materials and Method
Human cadaver brain was obtained from the Gross Anatomy lab of Sophie Davis School

of Biomedical Education. The brain belonged to a male of age 87 who had Parkinson’s disease.
The cadaver brain was embalmed in 10% paraformaldehyde solution shortly after death. The
brain was then stored in room temperature in a wetting solution of 1% Ultra Downy fabric
softener and 99% water. The brain is shown in Figure 5.1.
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F

P
O

T

Figure 5.1: Cadaver Brain with attached dura mater. F = frontal lobe, P = parietal lobe,
T = temporal lobe and O = occipital lobe

For the first experiment, brain dissection was conducted under a chemical hood using a
scalpel. Cuts were made perpendicular to the sulcus in each of the four brain lobes shown in
figure 5.1. Cubes of approximately 3 cm were cut out so that the sulci were exposed. Using a
pair of forceps the sulci in the embalmed brain was opened enough to expose the trabeculae
inside. A Canon EOS Rebel T3i camera was used to photograph the sulci trabeculae. Three sulci
were photographed in each lobe.
For the second experiment, five sulci were dissected out of the four brain regions using a
scalpel. The sections were 10-20 mm in length and width, and 2-3 mm in thickness. The sections
were made deep enough to expose the entire sulci. Care was taken to make the slices uniform. A
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Canon EOS Rebel T3i camera was used to photograph the sulci. The sulci depth was then
measured from the photographs using an image processing software called ‘ImageJ’.
5.1.2

Results: Anatomical features
The sulci trabeculae in the four brain lobes are shown below.

Figure 5.2: Trabeculae in the frontal lobe sulci.
Figure 5.2 shows sulci trabeculae in the frontal lobe. Blood vessels and thin trabeculae
can be observed with the naked eye. The trabeculae exist as pillar and tree shape, and they
appear transparent. The blood vessels are well integrated with the trabecular tissue. The sulci in
the frontal lobes are not too deep or thick.
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Figure 5.3: Trabeculae in the parietal lobe sulci.
Figure 5.3 shows trabeculae in the parietal lobe of the brain. The trabeculae are mainly in
a mesh-like form with a plate in the middle. They appear dense and slightly opaque. The sulcus
is filled with trabeculae. The sulci in the parietal lobe have large thickness and can go deep into
the cortex.
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Figure 5.4: Trabeculae in the temporal lobe sulci.
Figure 5.4 shows the trabeculae in temporal lobe. They appear to exist as rods, pillars,
and trees. The consistency of the collagen fibers is dense and thick. The trabeculae are
translucent. A blood vessel is seen at the top of the sulci. The distribution of trabecular tissue
within the sulcus is sparse; the sulcus does not appear to be densely packed. The sulci in the
temporal lobe have large thickness and can go deep into the cortex.
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Figure 5.5: Trabeculae in the occipital lobe sulci.
Figure 5.5 shows the trabeculae in occipital lobe. The sulci in the occipital lobe are
highly branched and appear to be networked with the surrounding sulcus as they move deeper
into the cortex. The trabeculae in the sulci exist in mesh-like structure composed of tree-shaped
and plate-like trabeculae. The consistency of the collagen fibers is dense and thick. The
trabeculae are translucent. Not many blood vessels are observed in the occipital sulci region. The
sulcus is densely packed with trabecular tissue.
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5.1.3

Results: Sulci depth measurement

A

B

C

D
Figure 5.6: Brain slices from each lobe. The average sulci depth from in each lobe is
measured from these dissected sections. (a) Frontal lobe (b) Parietal lobe (c) Temporal
lobe and (d) Occipital lobe.

Photographs of the five sulci sections from each of the brain regions are shown in Figure
5.6. The images were processed in ImageJ to measure the average sulci depth for each brain
lobe. The average sulci depth for frontal lobe was 8.5 mm, parietal lobe was 11.7 mm, temporal
lobe was 12.8 mm and occipital lobe was 14.3 mm.
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5.1.4

Conclusion
The photographs of the sulci were compared between different regions in terms of

trabeculae shapes, appearance and volume. From the figures above it can be concluded that
frontal lobe and temporal lobe has a lower volume of trabecular tissue within their sulci
compared to occipital lobe and parietal lobe. Parietal lobe contains the thickest and most dense
form of trabeculae. Frontal lobe trabeculae appear transparent. The sulci trabeculae in occipital
lobe and temporal lobe appear to be less thick and translucent. Frontal lobe trabeculae exist as
pillars and rods. Temporal lobe trabeculae are observed to be rods, pillars and tree-shaped. The
thick fiber could be a plate, but it is unclear in figure 5.4. The trabecular tissue in parietal and
occipital lobe are mostly mesh-like. They also contain plate-like trabeculae in the center. The
morphology of trabeculae in the parietal and occipital lobe is complex and dense.
The average sulci depth for each brain lobe was measured. Frontal lobe had the least deep
sulci while occipital lobe had the deepest.
5.2

Scanning Electron Microscopy (SEM)
In this experiment, SEM was conducted on brain samples from different brain lobes.

Brain dissection was done and SEM samples will be prepared. The images were compared in
order to understand the architecture and morphology of sulci trabeculae and evaluate the
differences between brain regions.
5.2.1

Basic concept of SEM
An electron microscope is a type of microscope that produces an electronically magnified

image of a specimen for detailed observation. The electron microscope (EM) uses a particle
beam of electrons to illuminate the specimen and create a magnified image of the particle. The
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microscope has a greater resolving power than a light-powered optical microscope, and can
achieve magnifications of up to 2,000,000x. SEM provides information on topology and
morphometry, as well as crystallography and composition of the sample. The SEM machine used
for this study is shown in Figure 5.7.

Figure 5.7: Zeiss Supra 55VP SEM machine at CCNY Core Laboratory
SEM machine has various detectors that can detect secondary electrons, backscattered
electrons and x-rays, and convert them into an image. Secondary electron detector collects low
energy electrons (<50 eV) that are scattered off the surface of the sample by inelastic scattering
interactions with beam electrons. Backscattered electron detector detects high-energy electrons
originating in the electron beam that are reflected off the specimen interaction volume by elastic
scattering interactions with specimen atoms. X-rays detector can provide information on material
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composition and crystallography (Purdue.edu). Figure 5.8 shows a simplified diagram of how
SEM functions.

Figure 5.8: Simplified diagram of how SEM functions (Purdue.edu)
5.2.2

Materials and Method
Two human cadaver brains were obtained from the Gross Anatomy lab of Sophie Davis

School of Biomedical Education. One of the brain belonged to a male of age 87 who died of
hyperlipidemia, and the other belonged to a female of age 68 who died of cardiac arrest. The
cadaver brains were embalmed in 10% paraformaldehyde solution shortly after death. They were
then stored in room temperature in a wetting solution of 1% Ultra Downy fabric softener and
99% water.
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Brain dissection was conducted under a chemical hood with a scalpel. The slices were
made such that the cross-section of the sulci could be viewed. Several 3x3 mm sections of brain
sulci were dissected from the four brain lobes (Figure 5.1). The sections had 1-2 mm thickness.
The tissues were then prepared for SEM using the protocol below. Biological samples have to be
dry and conductive in order to view them in a scanning electron microscope. The samples were
imaged using secondary electron detector (Inlens detector) and back-scatter electron detector
(BSD).
SEM sample preparation:
Biological samples have to be fixed to stabilize their structure before viewing under
SEM. Buffered glutaraldehyde solution was prepared by mixing 8% glutaraldehyde to 0.2M
cacodylate buffer, pH 7.2 in a 1:5 ratio. The brain samples were rinsed three times in the
buffered solution for five minutes periods. Buffered osmium tetraoxide was prepared by mixing
2% osmium tetraoxide to 0.2M cacodylate buffer, pH 7.2 in a 1:4 ratio. The samples were rinsed
in the buffered osmium tetraoxide solution for ten minutes, which changed the tissues black. The
samples were then rinsed in distilled water three times for ten minutes before dehydrating them
in a graded series of ethanol: 25%, 50%, 70%, 80%, 90% and 100%. Each time the samples were
rinsed, the vials were gently shaken for uniform mixture.
After ethanol dehydration, the samples were placed in Balzers Critical Point Dryer (CPD
030). Critical point drying is a method of drying tissue without collapsing or deforming the
structure of wet, fragile specimens. The equipment uses liquid carbon dioxide to dehydrate the
tissue. The samples were then mounted on a 3.1 mm diameter aluminum stub using double sided
carbon tape and stored in a 60°C oven overnight.
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Once the samples are dry, they were coated with gold/palladium. The brain samples were
then ready to be used for SEM.
5.2.3

Results
Each sample was imaged in the Zeiss Supra 55VP SEM machine using Inlens detector

(low energy electrons) and BSD detector (high energy electrons). Images were taken at various
magnifications and observed to find different trabecular morphology and architecture in the four
brain regions.
5.2.3.1 Frontal Lobe

BV

Figure 5.9: Frontal lobe sulci. Star: Plate-like trabeculae. Arrow: tree shaped. Left box:
complex mesh-like trabeculae morphology. Right box: plate-like trabeculae. BV: blood
vessel.
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Figure 5.10: Magnified image of left box in Figure 5.9. Complex mesh-like trabeculae.
Arrow: pillar trabeculae. Arrowhead: tree-shaped trabeculae.

Figure 5.11: Magnified image of the right box in Figure 5.9. Plate-like trabeculae found
in frontal lobe.
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Figure 5.12: Magnified image of frontal lobe trabeculae structure of Figure 5.10.

Frontal lobe sulci have complex trabecular morphology. It is a combination of treeshaped pillars, plates, rods and mesh-like trabeculae. In Figure 5.9, we observe plate-like
trabeculae (star), tree-shaped trabeculae (arrow), and complex mesh-like trabecular morphology
(arrowhead) within the sulci. The blood vessel is enveloped by the surrounding trabeculae. The
tree-shaped trabecula (arrow) is about 500 µm in length and 50 µm in thickness. The plates are as
thick as 500 µm (star) with no permeable characteristic. The left box depicts a complex meshlike morphology. Figure 5.10 shows a close-up of the mesh-like structure, which comprises of
rods (arrow) and tree-shaped branched trabeculae (arrowhead). Figure 5.11 shows a close-up of
plate-like trabeculae in right box of Figure 5.9. Cell clusters can be seen on the surface of the
trabeculae. Plates are impermeable to fluid flow, as they do not contain septae. The lengths of the
tree-shaped trabeculae in figure 5.10 are between 100 – 200 µm. However, the overall shape
remains the same as the one in Figure 5.9. A further close-up of the trabeculae is shown in Figure
5.12, which reveals that the trabeculae are composed of collagen fibers.
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Figure 5.9 shows that the trabeculae are sparsely distributed within the sulcus. They
generally encircle the blood vessels in order to provide support. The blood vessel itself is partly
collapsed, but retained its overall structure.
5.2.3.1 Parietal Lobe

BV

Figure 5.13: Parietal lobe sulci. Box: section of veil-like trabeculae. Arrow: veil-like
trabeculae morphology. BV: collapsed blood vessel.

BV

Figure 5.14: Magnified image of veil-like trabecular tissue shown in box in Figure 5.13.
Arrow: septae between the branched trabeculae. BV: blood vessel.
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septae

Figure 5.15: Magnified image of veil-like trabeculae of Figure 5.14. Branched
morphology between a large septae. Arrow: cells on trabeculae surface. Star: branched
veil-like trabeculae.

Figure 5.16: Magnified image of veil-like trabeculae of Figure 5.15. Star: cell on
collagen fiber. Arrow: extensions connecting the trabeculae.

The trabeculae in the parietal lobe have veil-like structure that extends from one end of
the sulci to the other (Figure 5.13). They also extend from the pia mater in the sulci wall to the
blood vessels (Figure 5.13). The veil-like tissue is highly branched and dense. The trabeculae are
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connected by thin extensions and have septae as large as 40 µm in diameter (Figure 5.14). Figure
5.15 depicts a close-up of the veil-like trabecular tissue, which reveals flat cells on the surface of
the trabeculae, as shown by the arrows. The star in Figure 5.15 depicts a branched veil-like
trabecula on the left side of the septae. The tree trabecula in parietal lobe is more branched with
more minute extensions. Figure 5.16 shows a further close-up view of the veil-like trabeculae
structure, which reveals the collagen fibers forming the branched morphology. The star depicts a
flattened cell cluster of about 5 µm attached to the collagen fiber (Figure 5.16). The arrow
depicts thin extensions that connect the trabeculae (Figure 5.16).
The veil-like structure is not densely distributed through out the parietal sulci. However,
in the areas where the veil-like structure exists, they are highly dense. The septae within the veillike trabeculae allows permeability in the sulci.

5.2.3.1 Temporal Lobe

BV

Figure 5.17: Temporal lobe sulci. Box: mesh-like complex trabecular morphology.
Arrowhead: Branched trabeculae. Star: pia mater. BV: blood vessel
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Figure 5.18: Complex mesh-like trabeculae. Arrow: tree-shaped rods. Arrowhead: pillar.
Star: branched network.

Figure 5.19: Magnified image of box in Figure 5.17. Arrow: cells on the trabeculae
surface. Star: tree-shaped trabeculae.
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Figure 5.20: Magnified image of branched trabeculae marked as arrowhead in Figure
5.17. Composed of densely packed collagen fibrils.

Temporal lobe trabeculae exist in a mesh-like structure composed of pillars, tree-shaped
rods and branched trabecular network. Figure 5.17 shows an overall view of the temporal sulci
where the box depict mesh-like complex morphology, arrowhead depict branched complex tree
trabeculae and the stars represent pia mater getting detached from the brain surface. The
trabeculae extend between pia mater on either wall of the sulci. The blood vessels are encircled
by the trabeculae. Figure 5.18 reveals pillars (arrowhead), tree-shapes rod (arrows) and densely
branched network of trabeculae. Figure 5.19 represents a further close-up of the complex mesh
trabeculae network marked as box in Figure 5.17. Clusters of cells are observed on the surface of
the branched collagen network (arrow). Distinct tree-shaped trabecula is attached to the branched
network on one end and to pia mater on the other end (star). The tree-shaped rod has smoother
surface with fewer cells on the surface as opposed to the branched network (Figure 5.19). Figure
5.20 shows a magnified image of a branched trabecula of the temporal lobe. It can be observed
that the collagen fibers are densely packed heterogeneously to form the tree-shaped rod.

61

Trabecular tissue is densely dispersed within the sulcus. Many blood vessels are seen in
the temporal lobe. They are well integrated with the trabecular network.
5.2.3.1 Occipital Lobe

Figure 5.21: Branched occipital lobe sulci. Arrow: pillars. Triangle: tree-shaped rods.
Star: blood vessel.

Figure 5.22: Occipital lobe sulci containing veil-like trabeculae.

62

Figure 5.23: Magnified image of arrow in Figure 5.21. Pillar trabeculae with cells on the
surface. Arrow: pillars. Arrowhead: cluster of cells on the surface.

Figure 5.24: Magnified image of surface of the veil-like trabeculae of Figure 5.22 show
in a box. Arrow: clusters of cells.

Occipital lobe sulci are different from the sulci in the other lobes because they are
branched and interconnected between each other. The trabecular tissues in the occipital lobe exist
in various forms: pillars, tree-shapes rods and veil-like structure. Figure 5.21 shows pillars of
about 300 µm length (arrows) and tree-shaped rods of about 200 µm length (arrowhead). Figure
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5.22 shows veil-like dense trabecular structure. Blood vessels are integrated within the structure
(Figure 5.22). Figure 5.23 shows close-up of a trabeculae. The arrows depict the pillar
trabeculae. The trabeculae are attached between the pia mater on the surface of the sulci, and
they can be attached in different directions (Figure 5.23). The Figure 5.23 also depict cell
clusters that are densely disperses along the surface of the trabeculae (arrowhead). Figure 5.24
shows a close-up of the cell clusters on the trabecular tissue. The diameters of the clusters are
between 2-5 µm. The cells can also be observed on the surface of pia mater (Figure 5.23).
The trabecular tissue is densely distributed in the sulcus of the occipital lobe. Occipital
lobe

has

the

most

variety

of

trabecular
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structure

within

its

sulcus.

5.2.4

Conclusion
The SEM images provided detailed understanding of the morphology and architecture of

the sulci trabeculae in each of the brain lobes. The shapes and appearance of the trabeculae in the
sulcus were evaluated and compared. Frontal lobe sulci was composed of pillar, plates, treeshaped rods and mesh-like trabeculae, parietal lobe was composed of veil-like trabeculae,
temporal lobe was composed of pillars, tree-shaped rods and branched mesh-like trabeculae, and
occipital was composed of pillars, tree-shaped rods and veil-like trabeculae (Table 5.1). When
the different types of trabeculae attach together, they form a complex network of trabeculae with
complex morphology.
It was observed that the blood vessels were always encompassed by trabecular tissue. In
most of the cases, mesh-like or veil-like trabeculae surround the blood vessels. This provides
support to the blood vessels in the sulci. More blood vessels were present in the temporal and
occipital lobe.
The figures show that pillars, tree-shaped rods and veil-like trabeculae are permeable to
CSF flow. However, the plate-like trabeculae are impermeable to fluid flow. It was observed that
the tree-shaped trabecular in the parietal lobe was more branched and the attachment ends were
more mesh-like compared to the one in frontal lobe. The dimensions of the trabeculae varied
across different lobes and even within the lobes.
The mesh-like trabeculae network has highly branched trabeculae and also thin
extensions that connect the trabeculae, as seen in parietal and occipital lobe. These extensions
could be cytoplastic membranes. The cells on the surface of the trabeculae can be concluded to
be fibroblasts because trabeculae are composed of collagen and fibroblasts make collagen and
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extracellular matrix. The cells on the surface of the pia mater can be assumed to be
leptomeningeal cells because they are flat and they compose the pia and arachnoid layers.

Table 5.1: Summary of trabecular tissue types in the four brain lobes
Types of Trabecular Tissue
Frontal
•
•
•
•

Pillars
Tree-shaped
Plates-like
Complex
mesh

Parietal

Temporal

Occipital

•

•
•
•

•
•
•
•
•

Veil-like

Pillars
Tree-shaped
Complex
branched
mesh
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Pillars
Tree-shaped
Veil-like
Plate-like
Complex mesh

Chapter 6. Finite Element Modeling
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6.

Finite Element Modeling
In the previous studies by Bradshaw et al. (2001), Cloots et al. (2008), Ho et al. (2009)

and Saboori et al. (2012) it was established that inclusion of sulci in the FE brain models altered
the stress, strain and strain distribution data when compared to a model without sulci. Each of the
studies used different type of brain models. Bradshaw et al. (2001) used a 2D global head model,
Cloots et al. (2008) constructed 2D models of homogeneous and heterogeneous cerebral cortex,
Ho et al. (2009) used 3D global head model and Saboori et al. (2012) used 3D global head model
and 2D local cerebral cortex model. None of the previous researchers took into account the
different morphology of the sulci observed in each region of the brain. The local models used in
previous studies were very simplified without any trabeculae or meninges layer.
In this study, we investigate the effect of sulci morphology on strain distribution in the
brain by using detailed local 3D models of four brain regions. The average sulci depth for each
lobe was obtained from the experimental study. The data was incorporated into four 3D local
models, each with a different sulci depth. The strain distribution in the brain due to an impact
was investigated.
6.1

Local 3D FE model: SolidWorks Analysis
Four 3D local models were constructed in SolidWorks 2013 with varying sulci depth.

The sulci depth used for each of the four models, frontal, parietal, temporal and occipital, are
given in Table 6.1. The sulci depth values were taken from the experimental study on sulci depth
measurement. The bottom of the model was fixed, and all four sides were defined as rollers. The
models were meshed as solid and discretized using mesh control feature. The discretized model
of parietal lobe is shown in figure 6.1A. All four of the models were discretized the same way.
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Figure 6.1B shows the schematics of brain sulci model of parietal lobe. The dimensions are
given in millimeters. A linear pressure of 350 Pa was uniformly applied perpendicularly to the
skull. Non-linear analysis was simulated for 100 ms. Non-linear analysis was conducted because
we will be defining brain as viscoelastic material.
Previous literature had established that principle strain provides most information on the
types of possible injury mechanisms, and in particular concussion, during blunt impacts (Ho,
2009). Thus, principal strain was measured at point A in figure 6.1. Equivalent strain is the
combination of all strains at a certain point calculated using a formula used by the software.
Equivalent strain was measured at point A so that the principle strain results can be compared.
Point A, is 1 mm away from the sulci wall and in the middle of the sulcus length. It was chosen
in order to observe the strain distribution in brain tissue adjacent to the sulci.
Table 6.1: Average sulci depth for each of the brain lobes
Brain lobe
Frontal
Parietal
Temporal
Occipital

Sulci depth (mm)
8.5
11.7
12.8
14.3
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B

A

A
A

Figure 6.1: (A) Discretized model of parietal lobe. (B) Schematics of the model of
parietal lobe
6.1.1

Material properties
The material properties used for defining different parts of the 3D brain sulci model are

given in Table 6.2. These material properties were established by Saboori et al. (2011). The brain
was defined as viscoelastic material while all other components were defined as isotropic linear
elastic material. The CSF was defined as a solid element with fluid properties, since SolidWorks
has limited to solid materials and does not have the capability of simulating solid-fluid
interaction.
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Table 6.2: Material properties of the components of the local 3D model in SolidWorks
2013 (Saboori, 2011)
Component
Properties
Value
Skull
Dura Mater
Arachnoid

Trabeculae

CSF

Brain

6.1.2

Young’s modulus (Ε) (Pa)
Poisson’s ratio (ν)
Density (ρ) (kg/m3)
Young’s modulus (Ε) (Pa)
Poisson’s ratio (ν)
Density (ρ) (kg/m3)
Young’s modulus (Ε) (Pa)
Poisson’s ratio (ν)
Density (ρ) (kg/m3)
Young’s modulus (Ε) (Pa)
Poisson’s ratio (ν)
Density (ρ) (kg/m3)
Young’s modulus (Ε) (Pa)
Poisson’s ratio (ν)
Density (ρ) (kg/m3)
Young’s modulus (Ε) (Pa)
Poisson’s ratio (ν)
Density (ρ) (kg/m3)
Shear relaxation modulus
Relaxation time (s)
1st William-Landel-Ferry
2nd William-Landel-Ferry

12.2 x 109
0.22
2.12 x 103
31.5 x 106
0.45
1.13 x 103
1.15 x 103
0.48
1.13 x 103
1.15 x 103
0.48
1.13 x 103
1 x 103
0.49
1 x 103
1.3 x 103
0.394
1.04 x 103
0.625
2
3.447 x 103
3.103 x 103

Results
For this study, the principal strain and equivalent strain in the brain was measured at

point A in figure 6.1. Principal strain and Equivalent strain (that is the summation of all strains),
in the brain, are shown in Table 6.3. Figure 6.2 shows graph of principal strain in the brain
versus sulci depth, and Figure 6.3 shows equivalent strain vs. sulci depth. For both strains, it was
observed that with increasing depth the strain decreased.
The principal strain plots for the four lobes are shown in Figure 6.4 and the equivalent
strain plot is shown in Figure 6.5. The principal strain was measured to be 0.41%, which is in the
frontal lobe. The maximum equivalent strain was 9.16% in the frontal lobe.
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Table 6.3: Equivalent strain and principal strain at point A vs. sulci depth.
Sulci Depth (mm)
8.5
11.7
12.8
14.3

Equivalent Strain (%)
9.16
8.99
8.95
8.96

Principle Strain (%)
0.41
0.23
0.18
0.20

Figure 6.2: Graph of principal strain at point A vs. sulci depth.

Figure 6.3: Graph of equivalent strain at point A vs. sulci depth.
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A

B

D

C

Figure 6.4: Principal strain plots for A) frontal lobe B) parietal lobe C) temporal lobe and
D) occipital lobe
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A

B

Figure 6.5: Equivalent strain plots for A) frontal lobe B) parietal lobe C) temporal lobe
and D) occipital lobe
6.1.4

Conclusion
The results from the SolidWorks 2013 study showed the trend between strain and sulci

depth. It was found that with increasing sulci depth, the strain in the brain decreased. The
maximum principal strain in the brain was found in frontal lobe and it was measured to be
0.41%. The maximum equivalent strain was measured to be 9. 16% in frontal lobe.
Using SolidWorks 2013, a time-dependent impact could not be simulated. At pressure
higher than 350 Pa, the model became highly distorted and the analysis was terminated. One of
the reasons for high distortion is the fact that CSF is defined as solid material instead of a fluid.
Due to these factors, the results from the analysis are not realistically comparable; they only
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indicate a trend between sulci depth and strain. In order to obtain more realistic data, a similar
study was conducted using ABAQUS 6.12.
6.2

Global-Local 3D FE model: ABAQUS Analysis
SolidWorks 2013 FE study revealed the relative trend between sulci depth strain in the

brain tissue. However, the impact profile used was time independent and the material properties
were not simulated realistically. To further investigate, ABAQUS 6.12 was used to analyze the
global and local 3D models, with varying sulci depth.
A global 3D head model was used to apply a time dependent impact profile and perform
the FE analysis. The global 3D head model was created by Saboori et al. (2011) at the City
College of New York (Figure 6.6). The head model was developed from MRI images of a female
adult patient of age 50 (Saboori, 2014). The model included brain (white mater and grey mater),
SAS, dura mater, skull, skin, muscles and neck. A displacement profile equivalent of 1.1 mph
impact was applied to the forehead elements of the global 3D model for 45 ms as shown in
Figure 6.7. The 3D global head model was restrained at the neck region. The model was
analyzed and the pressure generated on the dura mater was measured and used as a timedependent input for the local 3D FE sulci models. The pressure profile is shown in Figure 6.8.
When the global 3D head model is subjected to an impact, the load is distributed through
out the skull. Since the skull has a much higher Young’s modulus compared to the other
components of the head model, the impact load is propagated throughout the skull and thereby its
magnitude is decreased. By measuring the pressure load generated at the dura mater, a more
realistic and accurate input pressure profile was obtained. The objective of using the global 3D
FE head model was to determine the local load distribution on the meningeal layer due to a
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global impact.

Impact

Figure 6.6: Global 3D FE head model created by Saboori et al. (2011)

Figure 6.7: Displacement profile corresponding to 1.1 mph.
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Figure 6.8: Impact on the dura mater of the four brain sulci models.
The local 3D sulci models were imported and analyzed using ABAQUS 6.12. The local
sulci models had the same dimensions as defined in SolidWorks. The models were slightly
modified by excluding the skull and defining CSF as fluid element. Figure 6.9 shows images of
the four local 3D FE sulci models. The sulci depth for the four models are given in Table 6.1.
The boundary conditions applied to the ABAQUS 6.12 models were also modified. The bottom
of the model was fixed, and the front and the back were defined as rollers. For the two sides,
rollers were used for a distance of 4 mm from the top of the model to allow space for grey mater
distortion due to the applied impact. The models were discretized using C3D elements and a
time-dependent pressure impact that was obtained from the global 3D head model analysis
(Figure 6.8) was applied perpendicularly to the dura mater for 43 ms.
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A

B

C

D

Figure 6.9: Local 3D FE sulci models. A) Frontal lobe B) Parietal lobe C) Temporal lobe
and D) Occipital lobe
The maximum principal strains were measured on two cross-sectional planes shown in
Figure 6.10. It was assumed that the strain in the brain would be most prevalent in the area
adjacent to the sulci wall and under the sulci. Thus, the two plane locations (horizontal and
vertical) were chosen for measuring the strain. The average of all the maximum principle strains
across the planes was reported.
The model included dura mater, arachnoid mater, CSF, trabeculae and brain. The material
property of each part is discussed in the next section.
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A

B

Figure 6.10: Brain sulci model in ABAQUS. The maximum principal strain was
measured across plane A (vertical) and plane B (horizontal).
6.2.1

Material properties
The material properties of individual parts used in the ABAQUS 6.12 local 3D sulci

models are given in table 6.4. As reported in the literature, dura mater is assumed as linear elastic
material with Young’s modulus and Poisson’s ratio of 31.5 MPa and 0.45 respectively (Saboori,
2014). The trabecula was considered as a linear elastic material with no compression resistance
with a Young’s modulus of 300 Pa and Poisson’s ratio of 0.3. The arachnoid mater was also
defined as linear elastic material. The CSF was modeled as an incompressible fluid with the MieGruneisen equation of state. The brain was modeled as viscoelastic material.
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Table 6.4: Material properties of the components of the local 3D FE model (Saboori,
2014)
Component
Properties
Value
Dura Mater
Arachnoid

Trabeculae

CSF

Brain

6.2.2

Young’s modulus (Ε) (Pa)
Poisson’s ratio (ν)
Density (ρ) (kg/m3)
Young’s modulus (Ε) (Pa)
Poisson’s ratio (ν)
Density (ρ) (kg/m3)
Young’s modulus (Ε) (Pa)
Poisson’s ratio (ν)
Density (ρ) (kg/m3)
Viscosity (µ) (N.s/mm2)
Sound speed (ν)
Hugoniot slope coefficient
Gruneisen’s gamma
Young’s modulus (Ε) (Pa)
Poisson’s ratio (ν)
Density (ρ) (kg/m3)
Shear modulus at t=0 (G0) (Pa)
Shear modulus at t=∞ (G∞) (Pa)
Bulk modulus at t=0 (K0) (Pa)
Bulk modulus at t=∞ (K∞) (Pa)
Relaxation time (λ) (s-1)

31.5 x 106
0.45
1.13 x 103
1.15 x 103
0.48
1.13 x 103
300
0.3
1.13 x 103
1 x 10-8
1.4 x 106
0
0
1.0 x 103
0.45
1.04 x 103
10.0 x 103
2.0 x 103
5.0 x 107
5.0 x 107
16

Results
For this study, the maximum principal strain was measured at plane A and plane B. The

two planes are normal to the face of the model. The dimension of the planes are 6 mm x 2 mm.
Figure 6.11 shows graph of maximum principal strain in the brain in the vertical plane (plane A),
Figure 6.12 shows maximum principal strain in the brain in horizontal plane (plane B).
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Figure 6.11: Maximum principal strain vs. times in the four brain lobes in vertical plane
A for O: occipital, F: frontal, P: parietal and T: temporal
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Figure 6.12: Maximum principal strain vs. times in the four brain lobes in horizontal
plane B for O: occipital, F: frontal, P: parietal and T: temporal
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The peak maximum principal strain in vertical plane A for the frontal lobe was 0.248, for
the parietal lobe was 0.213 for the temporal lobe was 0.219 and for the occipital was 0.219
(Table 6.5). The peaks occurred at 36 ms for the occipital, frontal and temporal lobe, and at 36.5
ms for the parietal lobe (Table 6.6). The peak maximum principal strain in horizontal plane B for
the frontal lobe was 0.197, for the parietal lobe was 0.192 for the temporal lobe was 0.190 and
for the occipital was 0.189 (Table 6.5). The peaks occurred at 41.5 ms for all the models (Table
6.7).
Table 6.5: Comparison of sulci depth to highest maximum principal strain in vertical and
horizontal plane.
Brain lobe Sulci depth
Peak Max Principle
Peak Max Principle
(mm)
Strain (vertical)
Strain (horizontal)
Frontal
8.5
0.248
0.197
Parietal
11.7
0.213
0.192
Temporal
12.8
0.219
0.190
Occipital
14.3
0.219
0.189
Table 6.6: Principal strain in the vertical plane in the four brain lobes during an impact
at different time intervals.
Principle Strain (Vertical plane A)
Time (s)
Frontal
Parietal
Temporal
Occipital
0
3.41E-07
1.00711E-07
7.15256E-08
1.16E-07
0.015
0.006
0.005
0.005
0.005
0.025
0.034
0.030
0.032
0.032
0.032
0.129
0.133
0.130
0.129
0.033
0.123
0.125
0.126
0.126
0.036
0.248
0.204
0.219
0.219
0.037
0.241
0.213
0.203
0.218
0.039
0.052
0.090
0.099
0.090
0.041
0.136
0.088
0.135
0.116
0.042
0.171
0.113
0.092
0.123
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Table 6.7: Principal strain in the horizontal plane in the four brain lobes during an
impact at different time intervals.
Strain (Horizontal plane B)
Time (ms)
Frontal
Parietal
Temporal
Occipital
0
8.1279E-07 9.27183E-07
7.32285E-07
1.00476E-06
0.020
0.005
0.005
0.005
0.005
0.030
0.052
0.051
0.050
0.051
0.035
0.081
0.102
0.102
0.099
0.038
0.154
0.158
0.160
0.160
0.039
0.176
0.151
0.146
0.150
0.040
0.174
0.165
0.156
0.160
0.041
0.197
0.192
0.190
0.189
0.042
0.153
0.167
0.158
0.043
0.150
0.169
0.156
6.2.3

Conclusion
The results from the ABAQUS 6.12 study partly support the trend found in the

SolidWorks study. The results are summarized in Table 6.5, which shows that with increasing
sulci depth the highest principal strain decreases in horizontal plane B. However, the same trend
is not noticed in the vertical plane A. Parietal lobe has the lowest peak maximum principal strain
among the four lobes in vertical plane, and the maximum principal strain is the same for occipital
and temporal lobe. In horizontal plane, the strain decreases with increasing sulci depth. The
peaks occur around the same time during the impact in the four models (Table 6.7).
The maximum principal strain is higher in the vertical plane compared to the horizontal
plane B. Although the values are not significantly different between the lobes, but the variance is
apparent. The data from ABAQUS 6.12 is reliable and can be used for realistically visualizing
the strain level in the brain due to an impact equivalent to 1.1 mph to the head.
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Chapter 7. Discussion
and Future Work
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7.

Discussion and Future Work

7.1

Discussion
The objectives of this study were to gain an understanding of the morphology of brain

sulci trabeculae in different brain regions, and to evaluate its influence on strain distribution in
the brain during impacts. This was achieved through experimental and numerical work. The end
goal was to be able to conclude variation in sulci morphology influences strain distribution in
different regions of the brain, thus, affecting the occurrence of TBI.
7.1.1

Experimental work
Imaging studies, such as SEM and TEM, has been conducted before on SAS and optic

nerve trabeculae (Saboori et al. 2015; Killer et al. 2003). However, to our best knowledge, this is
the first time any experimental study is being done on sulci trabeculae. Through SEM imaging
we have gained extensive knowledge on the architecture and morphology of human brain sulci
trabeculae in different regions of the brain.
The experimental results revealed that sulci trabeculae architecture is composed of the
same types of trabeculae that are present in SAS and optic nerve: pillar, plates, tree-shaped rods,
veil-like and complex combination of them. However, they are denser and thicker in consistency.
Saboori et al. (2015) and Killer et al. (2003) concluded that the trabecular network was
composed of collagen type I and the fibers are surrounded by fibroblast cells. Although this
study did not involve any histological analysis, the results supported the conclusion. The results
also showed evidence of septae between adjacent trabeculae and intercellular clefts on the
surface of trabecular tissue, as previously proposed by Killer et al (2003). For mesh-like or veillike trabecular morphology, thin extensions were observed that connected the trabeculae. This
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provides evidence to the results by Killer et al. (2003) who observed similar structure and
concluded them to be cytoplasmic extensions. In correlation to previous paper, blood vessels
surrounded by trabecular network were observed in the sulci. Trabeculae are tension elements
that provide mechanical support to the SAS and sulci structure. Encircling blood vessels is one
way of providing mechanical support to the blood circulation system present in the sulci.
The current study was conducted on sulci trabeculae from different brain regions, and
results showed that each lobe of the brain has different sulci and trabeculae morphology and
architecture. Frontal lobe has the least deep sulci and occipital lobe had the deepest. Each brain
lobe has different forms and distribution of trabecular tissue within the sulci. Frontal lobe sulci
was composed of pillar, plates, tree-shaped rods and mesh-like trabeculae, parietal lobe was
composed of veil-like trabeculae, temporal lobe was composed of pillars, tree-shaped rods and
branched mesh-like trabeculae, and occipital was composed of pillars, tree-shaped rods and veillike trabeculae. Even the same of trabeculae had slightly different structure or dimension
between different regions. All this adds to show complexity of sulci trabeculae architecture. It
was also observed that temporal lobe and occipital lobe had a dense distribution of trabecular
tissue within its sulci as opposed to frontal lobe and parietal lobe. Occipital and temporal also
has highly complex mesh-like trabeculae morphology. An explanation could be found for this
observation through numerical studies on trabecular density within sulci and form of trabeculae,
but at the moment, this field is unexplored.
Saboori et al. (2015) observed plate-like trabeculae with permeable characteristics. In this
study, the plate-like structures were not permeable (Figure 5.11). This could be due to the fact
the in SAS there is more CSF flow, while in sulci the CSF flow is relatively stagnant. Thus, the
plate-like trabeculae are not permeable to fluid flow.
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7.1.2

Numerical studies
Previous numerical studies on brain sulci has shown evidence that inclusion of sulci in a

brain model alters the strain and strain distribution data. The models used in those studies use
either global or local brain model with or without sulci. However, none of the studies took into
account the sulci trabeculae. To our knowledge, this is the first numerical research where
detailed 3D local brain model with sulci and trabeculae has been constructed and evaluated for
studying TBI.
The SolidWorks model comprised of skull, dura mater, arachnoid mater, CSF (fluid
element), trabeculae (tensile element) and viscoelastic brain. Four local models were built
according to different sulci depths of the brain lobes. The goal was to conclude which area of the
brain would be most susceptible to injury during an impact based on the sulci depth parameter.
The results from SolidWorks revealed a trend, however, it could not provide reliable data since a
time-dependent impact study could not be analyzed using that platform. A maximum pressure of
350 Pa could be applied as an impact to the skull. A trend was observed between sulci depth and
strain, which showed that the strain in the brain decreases with increasing sulci depth. Based on
this result it can be concluded that frontal lobe will be most susceptible to TBI during an impact.
In order to find more realistically relevant data, a validated global 3D FE model of the
head and brain, which was developed by Saboori (2011), was used to analyze a time-dependent
impact load and to obtain the subsequent local load distribution on the dura mater. The timedependent pressure profile at the dura mater that was obtained from the global head model was
then applied to the ABAQUS 3D local sulci models. The maximum principal strain was
measured in two perpendicular planes: horizontal and vertical to the sulci.
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The results in the horizontal plane B supported the trend observed in the SolidWorks
study, however, results from the vertical plane A did not. In the horizontal plane, the strain
decreased with increasing sulci depth. When an impact occurs, the pressure built within the fluid
in the sulci is distributed along the entire length of the sulcus. With longer length of sulcus, the
pressure is distributed along a greater distance. Thus, strain decreases with increasing sulcus
depth. There is greater number of trabeculae in the deeper sulci. Greater number of trabeculae
can account for greater pressure resistance, since trabeculae are tension-resisting elements. Also,
there is more CSF-trabeculae interaction in the deeper sulci; thus, the strain is reduced when an
impact occurs. The same result is not obtained for the vertical plane. A reason for the
discrepancy could be the fact that the dimension of the vertical plane was the same for all four of
the sulci models, however, the depth of the sulcus changed from one model to the other.
Therefore, the vertical plane does not fully capture all the strains across the sulci length. Further
investigation has to be done in order to refine the strain results in the vertical plane.
It was also noticed that the strains were larger in vertical plane A compared to the
horizontal plane B. When an impact occurs, the fluid between the sulci is pressured, thus strain
in the surrounding brain tissue increases. It is probably the reason why the strain in the vertical
plane was larger than the strain in the horizontal plane.
It was reported in previous literature that strain is a good metric to predict concussion. It
was reported that a strain of 20% could cause concussion (Saboori et al. 2014; Kleiven et al.
2009). The peak maximum principal strains in plane A (vertical) are approximately 0.2 (20%),
which means, concussion can occur around that area due to an impact equivalent to 1.1 mph and
its subsequent transduction to the brain via the sulci. Without the sulci, the brain tissue would
have been directly subjected to the impact causing a higher strain level to occur. According to
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the data presented, frontal lobe is most susceptible to TBI in this regard.
7.2

Future Work
Brain sulci trabeculae is a new field of research that is greatly unexplored. Further

experimental and numerical work has to be done in order to gain a better understanding of the
function of sulci and trabeculae, and their influence on TBI during impacts. For experimental
work, histological analysis, TEM and fluorescent microscopy can be conducted to learn about
the core composition of the sulci trabeculae. Cadaver brain is very difficult to work with because
of its rubber-like consistency. Microtome can be used to get better sectioning so that SEM and
TEM will provide better results. Obtaining fresh human brain tissue will ensure better results as
well.
For numerical study, other parameters such as width of sulci, consistency of the sulci
trabeculae, forms of trabeculae and distribution of trabeculae within sulci could be investigated.
Different impacts, such as blunt impact and blast, can be used as input to learn more about sulci
trabeculae influence on TBI.
All these studies will help us gather more information on different regions of the brain
and allow us to predict TBI occurrence in the brain accordingly.
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